Watermelon (Citrullus lanatus) is one xerophyte that has relative higher tolerance to drought and salt stresses as well as more sensitivity to cold stress, compared with most model plants. These characteristics facilitate it a potential model crop for researches on salt, drought or cold tolerance. In this study, a genome-wide comprehensive analysis of the ClNAC transcription factor (TF) family was carried out for the first time, to investigate their transcriptional profiles and potential functions in response to these abiotic stresses. The expression profiling analysis reveals that several NAC TFs are highly responsive to abiotic stresses and development, for instance, subfamily IV NACs may play roles in maintaining water status under drought or salt conditions, as well as water and metabolites conduction and translocation toward fruit. In contrast, rapid and negative responses of most of the ClNACs to low-temperature adversity may be related to the sensitivity to cold stress. Crosstalks among these abiotic stresses and hormone (abscisic acid and jasmonic acid) pathways were also discussed based on the expression of ClNAC genes. Our results will provide useful insights for the functional mining of NAC family in watermelon, as well as into the mechanisms underlying abiotic tolerance in other cash crops.
The NAC [no apical meristem (NAM), Arabidopsis thaliana transcription activation factor (ATAF1/2) and cup-shaped cotyledon (CUC2)] gene family is one of the largest plant-specific transcription factor (TF) families. NAC proteins play key roles in regulating gene expression at the transcription level by binding to specific cis-acting elements in the promoters of target genes. Commonly, NAC proteins possess a conserved NAM domain at the N-terminus and a divergent transcription regulation domain at the C-terminus, forming the typical protein model of NAC transcription factors 1, 2 . NAC domains are usually composed of nearly 150 amino acid residues and divided into five subdomains A-E 1, 3 . Among them, subdomains C and D are conserved and bind to DNA. Subdomain A plays an important role in NAC dimeric proteins. Subdomains B and E are highly divergent and might confer functional diversity to NAC TFs 4, 5 . The NAC domain's crystal structure in ANAC019 from Arabidopsis and in stress-response NAC1 from rice were similar to the structure of WRKY 4, 6 . Another study showed a high similarity between the protein domain structures of NAC and GLIA CELL MISSING (GCM) 7 . Therefore, NAC proteins are classified as members of the WRKY-GCM1 super family.
Increasing evidences indicate roles for NAC proteins in biological processes and transcriptional regulatory networks 8 . For example, ATAF1/2, CUC2, and ANAC036 are involved in cell division [9] [10] [11] . SECONDARY WALL NAC DOMAIN PROTEIN1 in rice and NAC SECONDARY WALL THICKENING PROMOTING FACTOR 2 (NST2) in Arabidopsis are concerned with the secondary growth 12, 13 . CUC2 is involved in shoot apical meristem development 14 , AtNAM plays a role in embryo development 15 , ANAC029 (also known as AtNAP) and EPHEMERAL1 are involved in plant senescence 16, 17 , AtNAC2 and TaNAC1 are implicated in lateral root development 18, 19 , and some other NAC TFs play roles in nutrition transportation 20 , flowering time 21 , and cell death 22 .
A tomato NAC gene is a positive regulator of carotenoid accumulation and fruit ripening 23 and PpNAC1 activates the biosynthesis of anthocyanin in peach 24 , implying roles for NAC TFs in plant fruit development. Increasing amounts of evidence indicate that NAC is involved in xylem development 25 . The essential roles of the NAC family in both water-contributing and supporting cells indicated the contribution of this family to plants adaptation to land 26 . NAC domain-containing proteins are also involved in plant abiotic and biotic responses. In Arabidopsis, ANAC019, ANAC055 and ANAC072 were markedly up-regulated by drought, salt, and abscisic acid (ABA) treatments, and consequently improve plant drought resistance 27 . Moreover, ANAC072 and ANAC019 also have the ability to positively regulate ABA signaling [27] [28] [29] . ANAC019 and ANAC055 can promote the expression of VEGETATIVE STORAGE PROTEIN1 (VSP1) and LIPOXYGENASE2 (LOX2), which are involved in jasmonic acid (JA) signaling 30 . In addition, the overexpression of a Lepidium latifolium NAC gene in tobacco enhanced its cold tolerance 31 . The Ataf1-1 mutant showed decreased resistance to Blumeria graminis f.sp. hordei, suggesting a positive role for ATAF1 in pathogen tolerance 32 , while ATAF2 exhibited a positive response to JA and salicylic acid (SA) 33 .
Citrullus lanatus is one xerophyte that has relative higher tolerance to drought and salt stresses as well as more sensitivity to cold stress, compared with most other crops. However, a systematic analysis on ClNAC family genes and their responsive patterns to diverse abiotic stresses is lacking. Here, we identified 80 ClNAC TFs and predicted their induced patterns and functions through a genome-wide bioinformatics analysis. Furthermore, a global landscape of NAC expression patterns in response to abiotic stresses (drought, salt and cold) and phytohormones (ABA and JA) was investigated. This study will lay the basis of functional characterization of NAC TFs, as well as the advancement of research on abiotic tolerance in cash crops.
Results and Discussion
Identification of NAC TFs. To identify ClNAC proteins, searches of the Citrullus lanatus genome using the BLASTp algorithm were performed with Arabidopsis and rice NAC proteins sequences as the query. In total, 80 putative NAC TFs with conserved NAM domain were identified (Table 1) , which is in agreement with the watermelon NAC gene family in the Plant Transcription Factor Database (PlantTFDB; http://planttfdb.cbi.pku.edu.cn). The number of NAC TFs in watermelon is less (80) than in Arabidopsis (138) and rice (140). Owing to the lack of a designated standard annotation for the 80 NAC genes in watermelon, we named them ClNAC1-ClNAC104 based on their homology to the Arabidopsis NAC proteins (highest to lowest sequence similarity level) and some numbers were omitted due to the lack of ANAC homologies in watermelon. The NAC TF genes identified in watermelon encoded proteins ranging from 153 to 642 amino acid (aa) residues in length, with an average of 346 aa (Table 1) . Seventy-nine of the ClNACs were distributed across the 11 watermelon chromosomes, with ClNAC73 putatively being located on the Chromosome 0 (Table 1, Fig. 1A ). In an neighbor-joining (NJ) phylogenetic analysis, 12 pairs of duplicate/triplicate genes were identified, including two pairs of tandem duplicate genes (ClNAC59 and ClNAC60 on chromosome 4, and ClNAC55b and ClNAC55c on chromosome 7) ( Fig. 1A ; Supplementary Fig. S1 ). Most of the ClNAC duplicate genes had similar N-myristoylation motifs ( Supplementary  Fig. S2 ). These duplicate genes contributed significantly to the expansion of the watermelon NAC TF gene family. Simultaneously, 30 pairs of putative orthologs of NAC TFs, between watermelon and Arabidopsis, were found (Fig. 1B, Supplementary Figs S1 and S3 ).
Phylogenetic analysis.
To investigate the evolutionary relationships among the NAC TFs, 329 NAC domain sequences were predicted from Arabidopsis, rice, and watermelon using alignments of the full-length NAC sequences. These NAC proteins were classified into 18 groups (namely NAC-a to NAC-r; Fig. 2 , Supplementary  Fig. S1 ), which is in strong agreement with the results found in Populus 34 . NAC TFs in same group are likely to possess similar functions. For example, group NAC-a includes NAC proteins such as RD26, ANAC019, and ANAC055 and are involved in stress responses 28, 30 , while group NAC-b possesses all of the NAC proteins, such as CUC1 and CUC2, that function in the delimitation of the shoot organ boundary 14, 35 . The 80 ClNAC TFs are distributed throughout most of the groups, indicating multiple and various functions of NAC TFs in watermelon. Interestingly, ClNAC TF is absent in the NAC-m, NAC-o and NAC-p groups, which implies that these groups might be lost in watermelon during evolution. This finding may explain why watermelon contains fewer NAC TFs than Arabidopsis, even though these two plants have similar numbers of protein-coding genes. Similarly, group NAC-i did not contain any Arabidopsis members (Fig. 2, Supplementary Fig. S1 ). Additionally, group NAC-l and group NAC-q contain only rice members, suggesting that these groups were either acquired after the divergence of monocots and dicots, or were lost in watermelon and Arabidopsis.
Gene structure and conserved motifs. To get a better understanding of the structural diversity of ClNAC TFs, we compared the exon/intron organization in their coding sequences. The 80 ClNAC TFs were divided into 12 subfamilies in the NJ phylogenetic tree. Among them, subfamily IV and X with 13 members were the highest in numbers and subfamily VII was the lowest with only two members (Fig. 3A) . Members in the same subfamily shared similar exon/intron structures in terms of intron phase, intron number, and exon length. For instance, the NAC genes in subfamily V and XI harbored two to four introns, while those in subfamily XII possessed only one intron, with the exception of ClNAC24 which had no intron. By contrast, subfamily VII had the largest number of 4 to 5 introns. Interestingly, the intron number varied significantly, while the intron phase and exon length were highly conserved in subfamilies III, VI, and VIII (Fig. 3B) .
To reveal the diversity of ClNAC TFs, the MEME program was used to predict putative motifs. Ultimately, 20 distinct motifs were identified (Supplementary Table S1 ). Most of the NAC TF proteins contained A to E motifs in the N-termini, which conferred DNA-binding activity 1 . Here, motif 2, 4, 3, 1 and 7 specified the NAM subdomains A to E, respectively. Most of the ClNAC proteins contain all of these five motifs, except for subfamily XII, Continued which had no motif B, and subfamily V, which had neither subdomain A nor B. However, these two subfamilies had their specific motifs, such as motifs 9, 10, 12, and 13 in subfamily XII, and motifs 8, 11, 14, and 15 in subfamily V. Even if the divergence level in C-terminal regions of the NAC TF proteins was relatively high, some conserved motifs were also identified in these regions in some specific subfamilies, for example, motif 17 in subfamily X and motif 18 in subfamilies VII and VIII (Fig. 3C) . These results suggested that the specific functions of different subfamilies might be owing to specific motifs.
NAC gene response, localization and function predictions. Gene expression responses are largely related to their promoters; therefore, we investigated the putative stimulus-responsive cis-elements in the promoter regions of all of the ClNAC genes (Supplementary Table S2 ). Nine types of cis-elements were detected, including cis-acting regulatory elements (AREs) that are essential for anaerobic induction; two cis-acting regulatory elements (TGACG-motif and CGTCA-motif) that are involved in MeJA responsiveness; MYB-binding sites (MBS) associated with drought inducibility; low-temperature-responsive elements (LTRs); ABA-responsive elements (ABREs); SA-responsive elements (TCA-elements); heat shock-responsive elements (HSEs) and ET-responsive elements (EREs) [36] [37] [38] [39] [40] [41] . Every NAC gene contains at least one cis-element type in their promoter sequences (Supplementary Table S3 ), suggesting that these ClNACs are involved in watermelon response to different abiotic stresses and/or hormone signaling. Surprisingly, differences in the types and numbers of cis-elements were observed in some duplicate gene pairs. Two ERE elements exist in the promoter of ClNAC09a, while none could be found in its duplicate gene, ClNAC09b (Supplementary Table S3 ). A comparison of the promoter regions of all the duplicate gene pairs showed their divergence, although conserved regions were also observed (Fig. 4) . Additionally, the protein's function is related to its localization in some way 42 . Based on the subcellular localization predictions, most ClNACs probably function in the nucleus, while others were located in different organelles or the cytoplasm. For instance, ClNAC06, ClNAC62, ClNAC50, ClNAC53a and ClNAC74 might be located in chloroplasts; ClNAC07 and ClNAC30 might be located in mitochondria; and ClNAC01, ClNAC02b, ClNAC77, ClNAC78, and ClNAC104 might be located in the cytoplasm. Moreover, of the 80 ClNACs, only ClNAC06 contains a signal peptide, indicating that it has an important role in protein subcellular localization (Supplementary Fig. S4 ). Moreover, phosphorylation could adjust the cellular localization of TFs, and change their activities 43 . Each ClNAC protein sequence contains these three types of phosphorylation sites, with S phosphorylation being the most common (Supplementary Table S5 , Supplementary Fig. S5 ). These phosphorylation sites might be involved in the regulation of protein activities when plants are subject to stresses.
Expression profiles of ClNACs in tissues and fruit developmental stages. In total, 45 NAC TFs could be detected in all of the tissues, suggesting that they may have various regulatory roles in multiple tissues at multiple developmental stages. Besides, the expression of all ClNACs can be detected in young fruit, except for ClNAC09a. While subfamily XII exhibit the most uniform expression pattern, and all of the members could be detected in tissues of young leaf, tendril, flower, and young fruit. Furthermore, most duplicated gene pairs shared similar expression patterns (Fig. 5A) .
As a drought-tolerant crop with a high water demand, a powerful vascular system is essential for watermelon to maintain its water status to keep homeostasis under water-deficit conditions. Moreover, increasing evidence indicates that NAC TFs play important roles in the development of vascular tissues 2, 25, 44, 46 , as well as in the adaptation of plants to land 26 . To determine the functions of ClNAC TFs in the development of vascular system, we analyzed the normalized expression of ClNAC TFs using published transcriptome sequencing data 45 . ClNAC54 and ClNAC01, which belong to the subfamily IV, show extremely higher expression levels. The expression levels of six ClNAC genes (ClNAC07, ClNAC05, ClNAC26, ClNAC30, ClNAC24, and ClNAC37), homologous to Arabidopsis 25, 44, 46 , were relatively lower. The expression of ClNAC43 and ClNAC18 were also detected, and their putative homologs, NST1 and SECONDARY WALL-ASSOCIATED NAC DOMAIN 1 (SND1), play crucial roles in secondary wall thickening 47, 48 . Interestingly, 10 out of 13 subfamily IV members had detectable expression levels that were mostly relatively higher (Fig. 5B) , indicating that subfamily IV may be involved in the vascular system development. The occurrence of the plant vascular system is a striking innovation that enabled its colonization of land, and NAC proteins played essential roles in the adaptation of plants to land 26 . The putative functions of subfamily IV ClNACs in vascular development suggested that subfamily IV is likely involved in the evolutionary process of water conduction in watermelon.
VASCULAR-RELATED NAC-DOMAIN (VND) genes
Given the expression of almost all ClNACs in young fruit (Fig. 5A) , we analyzed the involvement of NAC TFs in different parts of the fruit during different fruit stages (Fig. 5C ). The expression levels of ClNAC16, ClNAC92, ClNAC54, and ClNAC29 were relatively higher in the rind at all of the stages, while their expression in the flesh was higher in the early stages and decreased from 26 days after pollination. Moreover, the transcript levels of ClNAC32, ClNAC72, ClNAC02b, and ClNAC01 were higher in the rind than in the flesh, and their expression levels were relatively higher in the earlier stages of each tissue development, which suggested that these genes might play more important roles in the early stages of rind development. However, some ClNACs, such as ClNAC56a, ClNAC79b, ClNAC100, and ClNAC53b, showed relatively higher levels in the later stages (Fig. 5C ). These results indicated that different NAC TFs play roles in different fruit ripening stages. Most (10 of 12) of the highly expressed genes detected in this analysis belonged to subfamily IV or VI, indicating that these two subfamilies might be important for fruit development. The vascular system is essential for water and sugar transportation during fruit development. Here, 21 common ClNACs were detected in both vascular tissues and fruit, with 10 of them belonging to subfamily IV or VI (Fig. 5B,C) . This suggested that these two subfamilies were important in correlating the development of vascular tissues and fruit in watermelon. In particular, ClNAC01, ClNAC02a and ClNAC02b, which presented quite high expression levels in both vascular and fruit (Fig. 5B,C) , were similar to SlNAC4 in protein sequence and expression profiles. This tomato NAC gene is a positive regulator of carotenoid accumulation and fruit ripening 23 . Additionally, TtNAM-B1, which had a sequence similarity with ClNAC56a and ClNAC56b, increases nutrient remobilization in wheat 20 . All of these ClNACs belong to subfamily IV, implying that this subfamily is important for the transport of nutrients and metabolites to watermelon fruit via the vascular system. Expression profiles of the ClNACs under abiotic stress. Given that Citrullus lanatus is tolerant to salt and drought stresses, but sensitive to low temperatures; and NAC TFs are likely to be involved in physiological adaptations in response to these stresses 18, 49, 50 . We examined the expression levels of some ClNACs under salt, drought and low-temperature treatments. Salt stress caused quick and significant responses of 10 ClNACs (ClNAC74, ClNAC59, ClNAC60, ClNAC23, ClNAC31, ClNAC36b, ClNAC56a, ClNAC56b, ClNAC72, and ClNAC69) in roots. It also caused a quick but transient increase in the expression level of nine ClNACs (ClNAC78, ClNAC24, ClNAC07, ClNAC61b, ClNAC25, ClNAC77, ClNAC09a, ClNAC96, and ClNAC09b) (Fig. 6A) . In Arabidopsis, there are three closely related stress-response NAC genes (ANAC019, ANAC055 and ANAC072), which were induced by drought, salinity, and the hormones ABA and JA [27] [28] [29] [30] . Here, their watermelon orthologs (ClNAC72 and ClNAC69) also showed positive responses to the NaCl treatment. Notably, all of these members of subfamily IV were extremely sensitive to NaCl treatment, which is in strong agreement with their functions in vascular development. Furthermore, 3 quarters members of subfamily I also showed rapid and positive responses after the NaCl treatment. The high response of subfamilies I and IV NACs to salt treatment provided primary evidence for their possible participation in plant salt stress tolerance.
After PEG treatment, several genes, including ClNAC29, ClNAC25, ClNAC55c, ClNAC30, ClNAC10, ClNAC72 and ClNAC69, showed rapid and positive responses (Fig. 6B) . Among them, ClNAC72 and ClNAC69 were the most outstanding responsers. In contrast, there were about half of the detected ClNAC genes were quickly and markedly down-regulated. Among them, ClNAC96 and ClNAC09a showed the most significant decrease, suggesting their potential involvement in drought tolerance in a negative manner (Fig. 6B) . Interestingly, four highly expressed ClNACs (ClNAC29, ClNAC25, ClNAC72 and ClNAC69) belonged to subfamily IV, which also participates in vascular development and salt response (Figs 5B and 6A) . As the function of ANAC019, ANAC055 and ANAC072, homologs of ClNAC72 and ClNAC69, in drought tolerance have been demonstrated in transgenic plant 27 , and proteins with similar structure have the same kinds of function, we hypothesized that subfamily IV ClNACs may play similar roles for plant responses to water stresses.
Under low-temperature stress, most of the detected ClNACs showed negative responses (Fig. 6C) , which was assumed to be attributed to the sensitivity of watermelon to this stress. There were also few ClNAC genes that were induced by the low-temperature. Among them, ClNAC25, ClNAC78 and ClNAC59, exhibited quicker responses to the low-temperature and higher fold changes in expression levels than the others. Almost all of positive-responding genes showed their expressional peak at 6h after treatment, suggesting their earlier responses to low-temperature stress (Fig. 6C) . Additionally, the LTR element, which is responsible for low-temperature inducibility, could only be found in the promoters of some ClNAC genes, such as ClNAC30, ClNAC31, ClNAC55c and ClNAC77 (Supplementary Table S3) , and all of these ClNACs were found to be up-regulated under low temperature. Notably, there were four ClNACs (ClNAC25, ClNAC77, ClNAC78 and ClNAC59), exhibited positive response to drought, salt and low-temperature stresses, implying their involvement in the crosstalk of abiotic stress signal pathways.
Expression profiles of the ClNACs in response to exogenous ABA and JA. Given that ABA plays crucial roles in response to environmental stresses [51] [52] [53] , the response of several selected NAC TFs to exogenous ABA were examined (Fig. 7A ). There are five ClNACs (ClNAC42, ClNAC72, ClNAC34, ClNAC30 and ClNAC69) that showed positive responses quickly and persistently. Whereas, the expression of some ClNACs (ClNAC74, ClNAC25, ClNAC56a, ClNAC09a, ClNAC09b, ClNAC59, ClNAC23, and ClNAC60) was significantly enhanced after a transient inhibition. Not surprisingly, ABRE elements were observed in most of their promoters (Fig. 7A,  Supplementary Table S3 ). In contrast, some negative responding ClNACs (ClNAC45, ClNAC44, ClNAC36a, ClNAC01, ClNAC02b, ClNAC61b, ClNAC36b, and ClNAC78) were also found. Interestingly, ClNAC56a, ClNAC59, and ClNAC60 positively responded to both NaCl and ABA treatments, and ClNAC72, ClNAC69, ClNAC42 and ClNAC10 were up-regulated by PEG, NaCl and ABA treatments. Moreover, ClNAC25 was induced by salt, drought, low-temperature, and ABA treatments (Figs 6 and 7A) . Thus, these ClNACs might confer abiotic stress responses through the ABA pathway. Additionally, there are some ClNAC genes, such as ClNAC07, ClNAC56b, ClNAC31, ClNAC36b and ClNAC74, that were highly up-regulated by abiotic stress, but not enhanced by ABA treatment ( Figs 6A,B and 7A ), implying that they may participate in responses to abiotic stresses via an ABA-independent pathway.
JA is an important hormone that regulates plant defense responses against biotic stresses, as well as a moderator of abiotic tolerance 54, 55 . Thus, we analyzed the expression of ClNACs in response to JA. Some ClNACs showed positive responses to the exogenous JA treatment, which might result from the MeJA-responsiveness cis-acting regulatory elements (T GACG-motif and CGTCA-motif) present in most of the ClNAC promoters ( Fig. 7B ; Supplementary Table S3) . Several ClNACs (ClNAC29, ClNAC23, ClNAC31, ClNAC56b, ClNAC44, ClNAC45, ClNAC36b, ClNAC72, ClNAC69, and ClNAC74) positively responded to both NaCl and JA treatments (Figs 6A and 7B), implying that they participate in salt stress responding via the JA pathway. Interestingly, ClNAC77 and ClNAC78 may participate in responding to all abiotic stresses above through ABA-and JA-independent pathways, as they showed no or negative responses to ABA or JA. While some other ClNACs (ClNAC59, ClNAC47, ClNAC30, ClNAC72 and ClNAC69) were induced by both JA and ABA treatments (Fig. 7A,B) , suggesting that they may be the common targets downstream of the ABA-and JA-mediated stress responses. In Arabidopsis, ANAC072 and ANAC019 have the ability to positively regulate ABA signaling 28, 29 . Moreover, ANAC019 and ANAC055 function as activators of JA-signaled defense responses 30 . Here, ClNAC72 and ClNAC69 exhibited similar expression patterns as those of their putative homologs (ANAC072, ANAC019 and ANAC055) under NaCl, PEG, ABA and JA treatments (Fig. 7) 27 . This suggests that ClNAC72 and ClNAC69 may also act as positive regulators of ABA and JA signaling in salt and drought responses. Notably, all of the subfamily IV NACs, involved in abiotic stress responses, were mediated by ABA and/or JA treatment (Figs 6 and 7) . This implies that subfamily IV may be important downstream regulators of ABA-and/or JA-signal-induced stress defenses.
In conclusion, we selected 80 NAC genes and classified them into subfamilies based on their amino acid sequences for the first time in watermelon. Here we showed a global expression landscape of NAC TFs in response to various abiotic stresses. The watermelon ClNACs from different subfamilies exhibited diverse responsive patterns to environmental adversity. However, some subfamilies are highly responsive to abiotic stresses, such as salinity, cold and water deficiency, as well as involved in some distinctive vascular tissue and fruit development. The results also uncovered that the sensitivity of watermelon to cold stress might be related to the rapid and negative response of NAC TFs to low-temperature exposure. Given further studies are still needed to unravel the roles of ClNACs in the regulation of plant abiotic tolerance, our findings provide valuable clues for further functional research on NAC TF family in crop and its adaptation improvement to abiotic stresses via molecular approaches.
Methods
Plant materials, growth conditions and stress treatments. Watermelon of Citrullus lanatus cv.
IVSM9 seedlings were used in this study. For the abiotic stress conditions, watermelon seedlings three true-leaves stage were grown in Hoagland solution containing 200 mM NaCl, 20% PEG6000 (w/v), 100 μ Μ ABA, and 50 μ Μ JA, respectively, under a photoperiod of 16 h at 27 °C (day) and 8 h at 24 °C (night) in a phytotron. The low-temperature treatment was carried out at 8 °C under the same photoperiod.
Sequence database searches. To identify the watermelon NAC TF gene family, Arabidopsis (https:// www.arabidopsis.org/) and rice (http://rapdb.dna.affrc.go.jp) NAC TF protein sequences were used to search the watermelon genome database (version 1;http://www.icugi.org/) using BLASTP, and then, a self-BLAST of the sequences was performed to remove redundancy. All of the putative candidates were manually verified using NCBI (http://www.ncbi.nlm.nih.gov/) to confirm the presence of the protein NAM conserved domain. They were then further examined to obtain all of the protein sequences using SMART (http://smart.embl-heidelberg. de/) and Pfam (http://pfam.sanger.ac.uk). Finally, all of the obtained protein sequences were compared with the watermelon NAC TF sequences downloaded from the PlantTFDB (http://planttfdb.cbi.pku.edu.cn/).
Phylogenetic analysis.
Multiple sequence alignments of the full-length amino acid sequences were aligned using Clustal W. The unrooted phylogenetic trees were constructed according to the NJ method using MEGA 5.0, and the bootstrap test was carried out with 1,000 iterations.
Gene homologs and chromosomal location. The duplicate genes and the homologous genes between watermelon and Arabidopsis, based on the NAC protein phylogenetic tree from watermelon, Arabidopsis, and rice, were identified using the protocol of Kong et al. 56 . The tandem duplicated genes were identified and are defined as an array of two or more genes that were in the same phylogenetic group and found within a 100-kb chromosomal fragment 57 . All of the NAC genes chromosomal locations were found in the Cucurbit Genomics Database and then were visualized in a Circos map using CIRCOS software (http://circos.ca).
Genomic structure and conserved motifs. The Gene Structure Display Server (GSDS; http://gsds. cbi.pku.edu.cn/) program was used to elucidate the exon/intron organization of NAC genes. The Multiple Expectation Maximization for Motif Elicitation (MEME; http://meme-suite.org/) program was used to illustrate the motifs in 80 putative ClNAC protein sequences.
Prediction of promoter cis-elements, subcellular localizations, phosphorylation sites, and signal peptides. The putative cis-acting regulatory DNA elements (cis-elements) in the promoter regions of NAC genes were identified using the PlantCARE (http://bioinformatics.psb.ugent. be/webtools/plantcare/html/) program. Cis-elements were identified within the 1000-bp genomic DNA sequence upstream of the initiation codon (ATG) 58 . The GATA program was used to perform a comparative analysis of the promoter regions 59 . WoLF PSORT (http://wolfpsort.seq.cbrc.jp) was used to predict the subcellular localization, while phosphorylation sites and signal peptides were identified using NetPhos2.0 Server (http://www.cbs.dtu.dk/services/NetPhos/) and SignalP (http://www.cbs.dtu.dk/services/SignalP), respectively.
Expression patterns analyses by RT-PCR and qRT-PCR.
Total RNA was extracted from all of the tissue samples using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. First-strand cDNAs were synthesized using the Transcriptor First Strand cDNA Synthesis kit (Roche, Switzerland). To detect PCR products, 2% agarose gel electrophoresis was used. qRT-PCR reactions were performed in the ABI PRISM 7900HT (Applied Biosystems, USA) using FastStart Universal SYBR Green Master (Roche, Switzerland) according to the manufacturer's instructions. The relative expression levels of NAC genes were calculated according to the method of Livak and Schmittgen 60 . The primers used in this analysis are described in Supplementary Table S6 .
Transcriptome sequencing data analysis. The transcriptome sequencing data for vascular and fruit developmental stages were obtained from a published paper 45 using the identified ClNAC ID. The expression profiles were analyzed and visualized by MeV4.9.0 software (The Institute for Genomic Research, USA).
